Abstract. In this work we compare and contrast the stability of retained austenite during tensile testing of Nb-Mo-Al transformation-induced plasticity steel subjected to different thermomechanical processing schedules. The obtained microstructures were characterised using optical metallography, transmission electron microscopy and X-ray diffraction. The transformation of retained austenite to martensite under tensile loading was observed by in-situ high energy X-ray diffraction at 1ID / APS. It has been shown that the variations in the microstructure of the steel, such as volume fractions of present phases, their morphology and dimensions, play a critical role in the strain-induced transition of retained austenite to martensite.
Introduction
Transformation Induced Plasticity (TRIP) steels exhibit an excellent combination of strength and formability [1] . To a large extent this is associated with the strain-induced transformation of retained austenite (RA) to martensite during forming, as well as interaction of phases in the complex multiphase microstructure of these steels [2] [3] [4] [5] . The use of synchrotron X-rays and neutron scattering has proven to be extremely valuable for the understanding of the mechanical behaviour of the multi-phase TRIP steels. These experiments allow for the simultaneous and in-situ observation of the strain in each individual phase and the strain-induced transformation kinetics [6] [7] [8] [9] [10] [11] . However, these studies were carried out on intercritically annealed TRIP steels, which typically have quite different amounts of phases and their distribution in the microstructure in comparison to the thermo-mechanically processed ones. In this work we compare the retained austenite stability during tensile loading of Nb-Mo-Al TRIP steel with different volume fractions of phases resulting from the variation in the thermo-mechanical processing schedule.
Experimental
Experimental steel containing 0.21C-1.18Si-1.52Mn-0.57Al-0.29Mo-0.036Nb (wt%) was subjected to laboratory simulations of thermo-mechanical processing (TMP) using a laboratory rolling mill at Deakin University. After reheating to 1250 o C and 1800s hold, the plates were rolled to 25% reduction at 1100 Following this, the plates were water quenched. Hereafter the obtained samples are referred to as 790 and 770 samples, based on the accelerated cooling start temperatures used in their schedules.
The specimens after TMP were characterised using optical metallography, transmission electron microscopy (TEM) and X-ray diffraction (XRD). Tensile samples of ~ 4 ×0.2 mm 2 and ~ 10 mm gauge length were machined for in situ observations during tensile loading using high energy XRD [12] at 1ID of the Advanced Photon Source, Argonne National Laboratory, USA. High energy Xrays of 90 keV were used in a typical setup for thermo-mechanical processing in a synchrotron beam as described in [13] . Two-dimensional diffraction patterns probing orientations close to the plane spanned by the longitudinal and transverse specimen directions were recorded continuously every 11 s upon application of load.
Azimuthal integration of the Debye-Scherrer rings leads to conventional powder diffraction patterns [13] . The direct comparison method [14] was used to determine from the data the volume fraction of retained austenite. The most isotropical stress responding γ-311 reflection has been used to determine the lattice parameters of RA before and after applied load. Two-dimensional evaluation of the diffraction patterns led to the conclusion, that a lattice parameter determination is subjected to residual stress partitioning, however, an orientational average approaches reliable equilibrium values, which were used for the determination of carbon concentration according to [15] : a γ (X C , T) = ( 0.36306 + 0.00078 X C ) x {1 + (24.9 -0.5 -X C ) x 10 -6 (T-1000)}
The so-obtained atomic concentrations were then transferred to weight percent.
Results and Discussion
Microstructure Characterisation after Thermo-Mechanical Processing. The microstructure of all samples after TMP consisted of polygonal ferrite (PF), carbide-free bainite (B), retained austenite (RA) and martensite (M) (Fig. 1) . Based on the results of optical metallography, including colour etching, and XRD data the volume fractions of phases were determined. The microstructures of the 790 and 770 samples contained ~19 and 30% of polygonal ferrite (PF), respectively. Correspondingly, the amounts of retained austenite were ~8.8 and 11.5%. Small amounts of martensite (0.1-0.4%) were also detected in the microstructure. The balance of the microstructure was carbide-free bainite, constituting the major phase. A detailed TEM examination (Fig. 2) has shown that the morphologies and arrangements of carbide-free bainites were also different. Although in both conditions the two main phases were bainitic ferrite (BF) (Figs. 2b and 2e) and granular bainite (GB) (Figs. 2c and 2f) , the microstructure in the 790 sample was more refined than that of the 770 sample. In addition, in the 790 sample the bainitic ferrite laths and plates were oriented in various directions, whereas in the 770 sample many a b
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regions with parallel bainitic laths were observed. The retained austenite was present in the blocky form and as interlayers between the BF laths. Some of the RA crystals contained twins. Martensite was found in two morphologies: (i) with high dislocation structure and (ii) with twins. It could be suggested that the former one formed at higher temperature on cooling from austenite with a relatively low carbon content, whereas the twinned martensite formed from the austenite with higher carbon content at lower temperature. However, in both cases the martensite formation temperature was above room temperature. Retained Austenite Stability under Tensile Loading. Two dimensional diffraction patterns were azimuthally integrated and analyzed radially, as conventional powder diffraction patterns, to deliver information about the volume fractions of the phases. The time evolution of the diffraction peak intensity from the fcc crystal lattice, which corresponds to the RA, and from the bcc lattice, which corresponds to the combined PF, BF and martensite structures, is shown in Fig. 3 . It is clear that with time the intensity of the fcc peaks decreases. The average carbon concentration in the RA of 790 sample after TMP was determined to be 1.12 wt.%, whereas in the 770 sample it was 1.32 wt.%.
The averaged evolution of the retained austenite volume fraction can be seen under increasing tensile stress as it transforms to martensite (Figs. 4a and c) . The transformation of the RA starts in the 790 sample at higher stress and strain (~650 MPa) than in the 770 sample (~610MPa). However, the RA in the 790 sample was less stable and practically all transformed to martensite during tensile testing (Fig. 4a) with only 0.32vol.% remaining untransformed. In comparison, a slightly higher volume fraction (~1.46 vol.%) was present in the microstructure of the 770 sample after fracture (Fig. 4b) . As expected, in both samples the remaining RA had higher average carbon content than in as-TMP condition. In the 790 ample the RA contained 1.20 wt.%C, and 1.39 wt.%C was in the RA Solid State Phenomena Vols. 172-174 743 of 770 sample. Thus, the higher chemical stability of the RA in the 770 sample in comparison to that in the 790 sample could be responsible for the larger amount of the RA remaining in the microstructure of the former sample after tensile testing. As could be seen from the stress-strain curves (Figs. 4b and d) the total elongation was slightly lower in the 770 sample (~21%) compared to the 790 sample (~25%). This could be associated with gradual transformation of the RA to martensite during the straining in the later sample and thus, contributing to the TRIP effect, whereas more of the RA remained untransformed in the 770 sample. a b Fig. 3 Evolution of peak intensities with time for 790 (a) and 770 (b) samples. The colourscale from low to high is red (gray) -white -blue (black).
The earlier start of the RA transformation in the 770 sample could be associated with the nonuniform distribution of carbon in the RA due to its location and different local stress transfer from the work-hardened ferrite. In the microstructure of this sample a significant number of the RA crystals is located in the vicinity of the PF grains and benefited only from the carbon rejection from the PF, whereas the RA crystals located in the BF regions benefited from the additional carbon rejection from the BF. Similar dependence of the RA grains transformation to martensite on their location in the microstructure was reported previously [5] . The delayed start of the RA transformation in the 790 sample could be associated with the delay in work hardening of bainitic ferrite, in comparison to the polygonal ferrite, and load transfer to the RA, as only ~19% of PF is present in this condition, which means that the majority of the RA crystals will have bainitic ferrite as a neighbouring phase. In addition, the microstructure in general and the RA crystals in particular, are more refined in the 790 sample as compared to the 770 sample. As was reported previously [5, [16] [17] [18] , the mechanical stability (size) also plays an important role in the RA stability.
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The strength of the 790 sample (1119 MPa) is slightly higher than that of 770 sample (1051 MPa), due to the lower fraction of relatively soft PF phase. Similar to the results obtained by others on the mechanical behaviour of TRIP steels [11, 18] , the ferrite grains yield first, whereas the bainite and austenite start to yield later. It is also worth to note that in both samples the RA starts transforming to martensite below the proof stress values of ~695 MPa for the 790 sample and ~680MPa for the 770 sample. This could be an indication of stress-induced not strain-induced transformation of the RA to martensite. However due to the complex multiphase microstructure of studied steels, the material, and the RA crystals in particular, starts yield locally at different stress values. Thus, in the elastic-plastic transition region we could detect the onset of the martensite formation at stresses below the average proof stress of the material, but these stress values may correspond to the yield values of a particular retained austenite crystal.
Out of the two studied conditions, the 790 sample with ~19%PF and ~9%RA exhibited better combination of strength and ductility due to continuous transformation of the RA to martensite. 
Summary
In-situ tensile testings of NbMoAl steel using synchrotron radiation have shown the dependence of the retained austenite stability on the overall microstructure of the steel. With increase in the volume fraction of polygonal ferrite from ~19 to 30% the volume fraction of the retained austenite has increased slightly from ~9 to 12%. At the same time due to the non-uniform distribution of carbon in the retained austenite, which is determined by the nature of the neighbouring phases, some of the retained austenite transforms at lower stress/strain whereas the others remain untransformed even after the fracture. The onset of martensite formation at stress values below the yield stress may indicate the stress-induced nature of retained austenite transformation to martensite.
